Systems consisting of magnetic particles embedded in a silica matrix have been used in magnetic recording, their study being thus an actual theme of research. In this work, we report some of the main results of a systematic study conducted to determine properties of the magnetic phases of the system Co 2 SiO 4 . The study also deals with the magnetic parameters of the composites Co 2 O 3 ±SiO 2 , in an attempt to establish relationships between structural environment and the magnetic properties. Polycrystalline sintered samples were prepared using a chemical route, structurally and magnetically measured using X-ray diraction (XRD), electron microscopy and magnetometry. For applied magnetic ®elds of the order of tens of Oersteds, the system has ferromagnetic (F) order, whereas for ®elds of a few thousands of Oersteds, a frustated antiferromagnetic (AF) response is detected. Our measurements detect the existence of ferromagnetic and antiferromagnetic interactions. Also, crystalline Co 2 SiO 4 is shown to have uniaxial anisotropy, detected by magnetization versus ®eld curves. Ó
Introduction
Development of technologies for magnetic storage by increasing the amount of data stored on magnetic media to about 10 3 terabytes is one of the major challenges that has been addressed in the last decade [1] . Under this perspective, the study of systems consisting of magnetic particles embedded in a silica matrix has intensi®ed [2] , also because the intrinsic magnetic properties of these systems are still to be determined, including the important issue of magnetic ordering in such ensembles of randomly interacting magnetic particles [3] .
The magnetic properties of single crystals of M 2 SiO 4 (M Co, Fe, Ni and Mn) have been studied by dierent groups in the last three decades, all of which are antiferromagnetic (AF) at suciently low temperatures [4±6] . The N eel temperatures reported are 49.0 K (M Co) [4] , 65.3 K (Fe) [5] , 32.0 K (Ni) [6] and 47.1 K (Mn) [4, 6] . On the other hand, there are studies on specimens containing metal-oxide particles embedded in silica, M 2 O 3 ±SiO 2 in which a variety of magnetic responses are reported [7] . For composites with Fe in silica, e.g., FeO±Al 2 O 3 ±SiO 2 , the magnetization below 20 K was observed to dier when the Journal of Non-Crystalline Solids 273 (2000) 277±281 www.elsevier.com/locate/jnoncrysol temperature was increased or decreased [8, 9] . This thermal irreversibility was assumed by the authors to be indicative of a spin-glass property. In another related system, Fe 2 O 3 ±SiO 2 , which is a classical paramagnet for temperatures above 20 K, a similar hysteresis was found at lower temperatures [10, 11] , although the irreversibility was attributed to a blocking mechanism, common to superparamagnets. Nevertheless these irreversibilities constitute important data related to the magnetic state of the system, they are insucient for an unique classi®cation. Certainly, these systems have to be investigated to properly catalog the magnetic phases present below the N eel temperature. This work is part of an eort to identify and classify the magnetic phases presented by the M 2 O 3 ±SiO 2 family, including their dierences and similarities with the crystalline compounds M 2 SiO 4 . The magnetic study of the Ni, Fe and Mn compounds is under way, and will be published elsewhere. The present contribution is a study of the magnetic properties of polycrystalline Co 2 SiO 4 and the composite Co 2 O 3 ±SiO 2 .
Synthesis and crystallographic analysis
Sol±gel routes are known to produce dispersed metal-oxide particles in non-metallic matrices [12] . Previous reports have indicated that M 2 SiO 4 phases are formed mainly under reducing atmospheres [7, 13] . To favor the formation of these M 2 SiO 4 phases we have chosen the Pechini method [14] , since the attainment of a reducing atmosphere is intrinsic to this routine.
Another advantage of using the Pechini method is a decrease of the temperatures of synthesis. For instance, whereas the synthesis of the Co 2 SiO 4 crystal phase requires temperatures over 1200°C when using conventional ceramic routes [15, 16] , our samples were synthesized at 1000°C with the Pechini method.
Stoichiometric amounts of Co(NO 3 ) 2 were dissolved in an aqueous solution of citric acid and ethylene glycol [17] . Secondly, tetraetilorthosilicate (TEOS) was added to the solution in a molar ratio of [Co]/[Si] 2 [18] . The resulting polymeric gel was decomposed to a solid at 400°C and heat treated from 500°C to 900°C for 2 h, and the crystal phase formation determined and then at 1000°C for 12 h to increase crystallinity, as can be seen in the X-ray diraction (XRD) analyses shown in Fig. 1 Fig. 1(b) . Single phase Co 2 SiO 4 is observed at 1000°C. 
Results
Magnetic measurements, performed in the temperature range 1.8±300 K for applied magnetic ®elds up to 5 T, were taken with a SQUID magnetometer (Quantum Design MPMS-5S). The equipment measures the magnetic moment, m, of the sample, which we divide by the applied ®eld and by the sample mass to obtain the DC susceptibility, v DC . Measurements of v DC as a function of the temperature, for dierent applied ®elds, were carried out using a routine combining a zero-®eld-cooled (ZFC) warming run, followed by a ®eld-cooled (FC) cooling experiment. Between consecutive runs the sample was always heated to 250 K, to erase its previous magnetic history, and then cooled to the starting temperature in the absence of magnetic ®elds. A¯uxgate was used to null the magnetic ®eld within the experimental region before each measurement. Magnetization loops were also measured for many temperatures between 1.8 K and 100 K. The acsusceptibility (v AC ) of the samples was also measured using the SQUID magnetometer with an excitation ®eld h AC 0.1 Oe. The temperature dependence of v AC at dierent frequencies was measured on heating, although no speci®c reason exists for this particular choice, as v AC proved to be reversible.
The SQUID magnetometer employed for the measurements presented here has a built-in routine that determines the experimental precision of each point. The symbols used in the following ®gures indicate the experimental result with the appropriate error bars. Fig. 2 shows the temperature dependence of v DC for a polycrystalline sample of Co 2 SiO 4 , measured in the presence of an applied ®eld of 10 Oe. The shape of all curves is typical of a ferromagnet, except for the noticeable dierence between ZFC and FC runs for temperatures less than the Curie temperature, T c . We take this dierence as a ®rst indication that both ferromagnetic (F) and AF interactions are present, the diering fractions of which is an essential ingredient of frustated states as those focused here. The inset of the ®gure presents the corresponding result for a sample of the composite Co 2 O 3 ±SiO 2 , in which a similar shape of the ZFC and FC measurements are observed. Extrapolating T c (H) for vanishing ®elds we determine a zero-®eld Curie temperature T c (0) 50 K.
Discussion
Interestingly to us, when the ®eld is increased the irreversibility of the ZFC/FC curves persists, although now the shape of the curves is of a typical antiferromagnet, as revealed in Fig. 3 for the Co 2 SiO 4 polycrystal at a magnetic ®eld of 12 kOe. Once again, the inset presents the corresponding result for Co 2 O 3 ±SiO 2 . The above mentioned F/ AF competition among interactions is still present, with a dierent outcome in this ®eld. The temperature at which the maximum of each curve takes place might be termed the N eel temperature, T N , for this typically AF susceptibility. Also, the curves become hysteretic below the irreversibility temperature, T i , which is, in all cases, exactly the temperature of the maximum, so that we have the strict equality T N T i T c (0).
To further investigate the origin of this irreversibility, we have measured v AC (T) over three decades of the frequency, f, namely f 10, 10 2 and 10 3 Hz. Fig. 4 shows the results for the polycrystalline sample, showing a complete independence of v AC with f. This independence is also observed for the Co 2 O 3 ±SiO 2 sample. As the frequency does not aect v AC , we conclude that the magnetic particles respond uniformly to the excitation. Furthermore, the time relaxation of the dcsusceptibility, measured at zero-®eld after a FC procedure, is irregular, as shown in the inset of Fig. 4 , which may be due to a number of temperature-assisted reorientations taking place randomly, as the sample relaxes with time. These data indicate that the systems studied here are not spin-glasses, but mictomagnets or cluster glasses [19] .
A convenient scenario to envisage the origin of the competing interactions responsible for the frustrated state is given in two recent reports on composites containing Fe and Co [20, 21] oxides, in which the authors describe each particle as a F core covered by an AF oxide layer. The variety of particle shapes, associated with the randomness of their spatial distribution in the amorphous matrix, certainly contribute to generate the necessary conditions for a cluster glass behavior.
Another result is related to the negative-®eld branch of the magnetic moment curves measured at a ®xed temperature. As presented in Fig. 5 for the polycrystalline sample, instead of a smooth crossing through zero, there is an abrupt switch from positive to negative m as the magnitude of the reverse ®eld increases. The measurements shown in Fig. 5 were taken after a FC procedure down to the measuring temperature, after which the ®eld was turned o. For the curve presented, the FC ®eld was 5 T. The jump around the coercive ®eld is typical of systems developing an unidirectional anisotropy [19, 21] . Also we note that only curves taken at larger FC ®elds exhibit the jump, which are characteristic of the appearance of uniaxial anisotropy controlled by the ®eld strength. As we expect, the coercive ®eld is dependent on the FC ®eld. These speculations are also consistent with our results on Co 2 O 3 ±SiO 2 , which displays the same overall features. The only exception is the absence of hysteresis loops in the composite samples. This absence is expected, since the uniaxial anisotropy revealed by the loops is related to crystallinity, a property absent in Co 2 O 3 ±SiO 2 samples.
Conclusions
The magnetic response of our samples for applied magnetic ®elds up to 1200 Oe is characteristic of F order. A thermal irreversibility, suggestive of competing interactions, is also present at ®elds above 1200 Oe, where the magnetic properties of the samples resemble those of an antiferromagnet. The data are indicative that the studied systems are cluster glasses.
